Learning can lead to changes in the intrinsic excitability of neurons. However, the extent to which these changes persist and the role they have in the expression of memory remain unclear. We found that in vitro analogs of operant conditioning produced a long-term (24 h) increase in the excitability of an identified neuron (B51) that is critical for the expression of feeding in Aplysia. This increase in excitability, which was cAMP dependent, contributed to the associative modification of the feeding circuitry, providing a mechanism for long-term memory.
was contingent on the occurrence of an ingestion-type buccal motor program 5 (iBMP; Fig. 1a) , whereas in the yoke group, reinforcement was not contingent on the occurrence of a iBMP. The control group received no reinforcement (Supplementary Methods and Supplementary Fig. 1 online) . During a 10-min observation time 24 h after training, the numbers of iBMPs in the contingent (2.2 ± 0.8 iBMPs, n ¼ 13), yoke (0.3 ± 0.2 iBMPs, n ¼ 13) and control (0.2 ± 0.1 iBMPs, n ¼ 13) groups were significantly different (H 2 ¼ 10.31, P o 0.05; Fig. 1b) . Post hoc analysis revealed that the number of iBMPs was greater in the contingent group as compared with the yoke group (q ¼ 3.48, P o 0.05) and with the control group (q ¼ 4.77, P o 0.05). No significant difference was detected between the yoke and the control groups (q ¼ 0.42, P Z 0.05). These results indicate that the activity of the feeding CPG can be selectively modulated in a long-term manner by an in vitro operant procedure.
We next determined whether the long-term effects of operant conditioning on the activity of the CPG were accompanied by longterm changes in the membrane properties of B51. We measured the resting membrane potential (RMP), the input resistance (R in ) and the burst threshold (BT) (that is, the minimum amount of injected current necessary to elicit an all-or-nothing burst of spikes (plateau potential) 8 in B51) 24 h after training (Supplementary Methods). Operant conditioning led to an increase in R in and a decrease in the BT of B51 (R in : contingent, 2.5 ± 0.2 MO, n ¼ 10; yoke, 1.9 ± 0.1 MO, n ¼ 10; P o 0.05; BT: contingent, 7.9 ± 0.6 nA, n ¼ 9; yoke, 10.9 ± 1.1 nA, n ¼ 9; P o 0.05; Fig. 2a-d) . No differences were observed in RMP (contingent, -57.9 ± 1.1 mV, n ¼ 10; yoke, -56.2 ± 2.1 mV, n ¼ 10; P ¼ 0.52). These results indicate that long-term changes in R in and BT are produced by operant conditioning. Moreover, they indicate that the phenotype of expression in B51 of both short-term memory and LTM are the same.
The long-term changes in excitability of B51 could be the result of intrinsic changes in B51 or of changes in the properties of other presynaptic neurons that are electrically coupled to B51 or that produce tonic synaptic modulation of B51. To address this issue, we examined whether long-term changes in B51 could be produced by a single-cell analog of operant conditioning consisting of an isolated B51 neuron in culture 4 . This analog induces an increase in the excitability of B51 immediately after training that is similar to that produced by in vivo and in vitro training protocols 4, 6, 7 . For our long-term study, we used a previously described 4 protocol (Supplementary Methods). The training phase was 10 min, during which plateau potentials were contingently reinforced with a brief iontophoretic puff of dopamine, which mediates the reinforcement 4 , onto B51 immediately after the plateau potential (contingent reinforcement group). In an unpaired control group, dopamine delivery was delayed for 40 s after each plateau potential. The membrane properties of B51 were measured before (pretest) and 24 h after (test) training. Contingent training led to an increase in the R in and a decrease in the BT of B51 24 h after training (R in : contingent reinforcement, 41.3 ± 3.3% of pretest, n ¼ 4; unpaired control, -9 ± 3.4% of pretest, n ¼ 4; P o 0.05; BT: contingent reinforcement, -63.4 ± 4.7% of pretest, n ¼ 4; unpaired control, 11.8 ± 7.8% of pretest, n ¼ 4; P o 0.05; Fig. 2e-h ). The long-term changes in the biophysical properties (that is, R in and BT) produced by the single-cell analog were identical to those produced by contingent reinforcement in the ganglia.
B51 receives rhythmic synaptic input from other elements of the CPG. This input sometimes fires the cell and other times it does not. Supra-threshold input elicits a plateau potential in B51, which is critical for the expression of an iBMP 6,7,9 (for example, Fig. 1a) . Therefore, an increase in R in and a decrease in BT would increase the probability of B51 activation by synaptic input from other elements of the CPG. Indeed, the number of CPG-generated plateau potentials expressed by B51 during a 10-min observation time was increased 24 h after training (contingent, 5.1 ± 1.4 plateau potentials, n ¼ 13; yoke, 2.1 ± 0.7 plateau potentials, n ¼ 13; P o 0.05; Fig. 2i,j) . However, the long-term changes in the output of the CPG (Figs. 1b and 2i,j) could be the result of changes in other elements of the circuit and consequent changes in synaptic input to B51. To address this issue, we attempted to selectively induce long-term changes in R in and BT of B51 and examined the consequences of these changes on the CPG-induced Figure 1 In vitro operant conditioning of fictive feeding behavior produced long-term changes in the activity of the CPG. (a) Isolated buccal ganglia were trained in vitro with an operant protocol in which the reinforcement consisted of electrical stimulations of the E n.2 nerve (black arrow). Fictive feeding behavior (iBMP) was recorded from the peripheral nerves controlling protraction, closure and retraction of the radula. An example of intracellular recording from B51 is shown along with the expression of an iBMP to illustrate the relationship between B51 bursting activity and the occurrence of an iBMP. Note the prolonged plateau potential of B51 that is in phase with the radula closure activity occurring during retraction. Tonic low-frequency electrical stimulation of nerve n.2,3 (white arrow) was used to activate the CPG during training and testing. (b) 24 h after training, the contingent group expressed a significantly greater number of iBMPs than the yoke and control groups. In this and subsequent figures, data are shown as means ± s.e.m. The Kruskal-Wallis test was used followed by post hoc pair-wise comparisons with the Student-Newman-Keuls test. n.s., not significant. Figure 2 Long-term changes in B51 membrane properties produced by the in vitro and single-cell analogs of operant conditioning. (a-d) The in vitro analog produced long-term changes in R in (a) and BT (b) 24 h after training. R in was greater in a contingent preparation (left) than in a yoke preparation (right) (a). For BT, less current (7 nA) was sufficient to generate a plateau potential from a contingent (left) than from a yoke preparation (12 nA, right; b). (c,d) Summary data. R in (c) was significantly greater and BT (d) was significantly lower in the contingent than in the yoke group. (e-h) The single-cell analog also produced long-term changes that were blocked by Rp-cAMP. R in (e) and BT (f) before (pre-test) and 24 h after contingent and unpaired training (test). R in (g) was significantly increased and BT (h) was significantly decreased in the contingent, as compared with the unpaired control. These changes were blocked by Rp-cAMP (g,h). (i,j) The in vitro analog produced long-term changes in the number of CPG-elicited plateau potentials. Plateau potentials 24 h after training are shown in i and summary data are shown in j. The number of plateau potentials was significantly greater in the contingent than in the yoke group. Data in panels g and h were analyzed with Kruskal-Wallis tests followed by Student-Newman-Keuls pair-wise comparisons. Data in panels c, d and j, as well as those in Figure 3 , were analyzed using two-tailed Mann-Whitney U tests. activity of B51. cAMP has been shown to induce long-term changes in neuronal properties 10 . In addition, adenylyl cyclase appears to serve as a molecular site of associative convergence in B51 during operant conditioning, which leads to the activation of protein kinase A (PKA) and phosphorylation of the transcription factor CREB1 (ref. 11). Furthermore, cAMP injection into cultured B51 neurons induces a rapid increase in excitability similar to that produced in the short term by the single-cell analog of operant conditioning 11 .
We first determined whether cAMP was necessary for the long-term changes in excitability by bath-applying Rp-cAMP, an inhibitor of cAMP-dependent PKA, on cultured B51 neurons during the single-cell analog of operant conditioning (Supplementary Methods). Contingent training in the presence of Rp-cAMP blocked the contingentdependent increase in the R in and the decrease in the BT of B51 when tested 24 h after training (R in : -8.5 ± 7.2% of pretest, n ¼ 4; BT: 4.2 ± 7.1% of pretest, n ¼ 4; P o 0.05; Fig. 2g,h) . Next, we injected cAMP into B51 in the ganglia and examined whether such injections were sufficient to produce long-term changes in excitability. We injected cAMP or vehicle into the soma of B51 during a 10-min period (Supplementary Methods and Supplementary Fig. 2 online) . The RMP, R in and BT of B51 were measured before (pretest) and 24 h after (test) injection. Although the injection itself appeared to produce a decrease in excitability, cAMP-injected cells showed a significant longterm increase in R in compared with the vehicle-injected group (cAMP, 15.7 ± 5.5% of pretest, n ¼ 10; vehicle, -14.5 ± 5.0% of pretest, n ¼ 12, P o 0.05; Fig. 3a) , and a long-term decrease in B51 BT compared with the vehicle-injected group (cAMP, -5.2 ± 9.4% of pretest, n ¼ 8; vehicle, 35.7 ± 16.6% of pretest, n ¼ 9, P o 0.05; Fig. 3b) . No change was observed in the RMP (cAMP, 4.5 ± 2.5% of pretest, n ¼ 11; vehicle, 3.0 ± 2.1% of pretest, n ¼ 12, P ¼ 0.46; Fig. 3c ). These results indicate that cAMP is both necessary and sufficient for the longterm plasticity in B51. One possible explanation for the long-term effects of cAMP on B51 excitability is that the PKA-dependent phosphorylation of CREB1 (refs. 11,12) could regulate genes encoding for either voltage-dependent channel proteins or accessory proteins that regulate membrane channels.
We also examined the consequences of the selective increase of R in and decrease of BT of a single B51 neuron in the CPG activity. We counted the number of CPG-elicited plateau potentials during a 10-min observation time 24 h after injecting B51 with either cAMP or vehicle. The number of plateau potentials was greater in B51 neurons that were injected with cAMP (4.0 ± 1.0 plateau potentials, n ¼ 8), as compared with those injected with the vehicle (1.0 ± 0.5 plateau potentials, n ¼ 9, P o 0.05; Fig. 3d,e) . These findings indicate that the cAMP-induced increase of R in and decrease of BT were sufficient to increase the recruitment of B51 by CPG-generated synaptic input and thereby contributed to the generation of more iBMPs and to the LTM for operant conditioning.
Numerous studies found that several forms of learning produce changes in excitability of neurons including the mechanosensory neurons of Aplysia 2,13-15 . However, the ways in which changes in excitability affect behavior have been difficult to assess. One of the unique aspects of our study was its ability to 'knock in' the learninginduced changes in excitability at the single-cell level in B51 by injecting the neuron with cAMP and to measure these effects on the CPG activity. Notably, the cAMP-induced long-term increase of B51 excitability also augmented the likelihood of B51 becoming active, which in turn increased the likelihood of the CPG to elicit ingestive motor patterns. In conclusion, these findings provide compelling evidence that contingent-dependent changes in excitability at the level of a neuron that is critical for the expression of the behavior can represent a relevant mechanism of LTM storage by which operant conditioning alters the expression of that behavior. (e) Summary data. That the number of CPG-elicited plateau potentials was significantly greater in the cAMP-injected group 24 h after injection than in the vehicle-injected group.
